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CHAPTER 25 

Functional Biomarkers
John R. Prowle and Lui G. Forni

OBJECTIVES
This chapter will:
1. Review the physiologic basis of the classical tests commonly 

used to assess renal function in the critically ill: serum 
creatinine and urine output.

2. Present the use and limitation of these measurements in 
the diagnosis of acute kidney injury.

3. Describe other test of kidney function available to critical 
care physicians.

BACKGROUND

In critical illness acute kidney injury (AKI) is frequently 
of multifactorial cause and arises in the context of multiorgan 
dysfunction; as a consequence, AKI often is silent until 
investigated. Although AKI is defined by temporal changes 
in serum creatinine concentration as well as urine output,1,2 
the gold standard of testing renal function is measurement 
of the glomerular filtration rate (GFR), reflecting the sum 
of the filtration rates for all functioning nephrons. Normal 
GFR demonstrates significant variation within and between 
individuals and can be affected by many factors including 
sex, race, diet, and muscle mass; in particular, baseline 
GFR tends to decline with age by around 0.5 to 1 mL/
min/1.73 m2 per year of age over 20. The role of creatinine 
and urine output in consensus criteria for the diagnosis of 
AKI is described in detail elsewhere in this volume. In this 

chapter we consider their clinical use for the assessment 
of renal function in critically ill individuals. In particular 
when we assess functional renal biomarkers during critical 
illness, we are inferring the presence of underlying changes 
in GFR, which in turn reflect severity of organ dysfunction 
and the impact of AKI on homeostasis and distant organ 
function. However, these relationships are indirect and 
subject to many confounding factors hampering the uncritical 
clinical use of the AKI definition in many individuals.

CREATININE AND THE ASSESSMENT OF 
RENAL FUNCTION

Creatinine is a spontaneously formed cyclic degradation 
production of creatine breakdown in the tissues. Creatine 
is synthesized in the liver, and to a lesser extent the kidney, 
and acquired in a meat-rich diet. It is taken up into cells 
via transmembrane transporters, whereas phosphocreatine, 
it provides a buffer for rapid energy production. Skeletal 
muscle thus contains most of the body’s pool of creatine 
and consequently is the source the majority of creatinine 
production.3 As a small, 113 Da molecule, creatinine is 
filtered freely in the glomerulus and appears unaltered in 
the urine together with a small amount of active tubular 
secretion, whereas extrarenal creatinine excretion is negligible 
in most circumstances. Thus as plasma creatinine is excreted 
predominantly by glomerular ultrafiltration: when the GFR 
decreases, creatinine accumulates. However, to understand 
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as progressive chronic kidney disease, creatinine rises will 
keep up with falling GFR, and the relationship will remain 
accurate. However, in AKI, after a large acute fall in GFR, 
many days could be required for a new steady state to be 
achieved and, until then, plasma creatinine will underes-
timate severity of renal dysfunction. This implies that 
diagnosis of AKI is likely to be delayed. Second, changes 
in creatinine generation will alter measured plasma creati-
nine concentration as much as change in excretion. Creati-
nine production will fall if there is a reduction in muscle 
mass, if there is a reduction in the dietary intake of creatine, 
and in the presence of liver disease. Large and sustained 
reductions in muscle mass have been observed in the 
critically ill; similarly a meat-free diet is almost universal 
in the intensive care unit (ICU). Thus large reductions in 
creatinine generation may be observed in critical illness,6 
which, in the absence of AKI, are in turn associated with 
marked reduction in creatinine levels below baseline that 
persist to hospital discharge.7 Thus incidence and severity 
of creatinine-assessed AKI may be underestimated in the 
critically ill, and, similarly, renal recovery after AKI may 
be overestimated significantly.8 Because reduction in cre-
atinine generation is related to duration of critical illness 
and risk of death, this confounding effect on AKI diagnosis 
is more significant in sicker patients. These effects are 
illustrated in Fig. 25.2. More delayed AKI diagnosis in 
older, sicker patients for the same GFR reduction is a major 
confounder when using AKI criteria to define early versus 
late clinical interventions for AKI in the ICU.

MATHEMATICAL ESTIMATION OF 
GLOMERULAR FILTRATION RATE

Several equations have been developed for the estimation 
of the GFR or creatinine clearance and validated in stable 
populations of patients. These include the Cockcroft-Gault 
equation, the 4 and 6 variable Modification of Diet in Renal 
Disease (MDRD) Study Group Study equations,10 the Chronic 
Kidney Disease Epidemiology Collaboration (CKD-EPI) 
Creatinine equation, Cystatin C equation, and Creatinine-
Cystatin C equations.11,12 Many laboratories now quote an 
“eGFR” value together with serum creatinine. Although 
useful in quantifying the presence and severity of chronic 
kidney disease, these estimated GFRs are derived values 
and not true measurements. These equations use the recipro-
cal relationship between GFR and plasma creatinine at 
steady state and convert this into a direct GFR estimate by 
effectively providing an estimate of creatinine generation 
normalized to body surface area for individuals of a given 
age, sex, and racial background. These methods thus assume 
a steady state between GFR and plasma creatinine and a 
normal muscle creatinine generation to the outpatient 
populations used to derive the equations. Because critically 
ill patients can be assumed neither to be in steady state 
nor to have normal creatinine generation, these formulas 
should not be used in the acute setting nor applied to the 
early assessment of renal outcomes after critical illness.7

CLEARANCE MEASUREMENTS

Despite the limitations of plasma creatinine, acutely, direct 
measurement of GFR is not often performed in hospitalized 
patients. GFR can be more accurately estimated through 

the meaning of baseline plasma creatinine and acute changes 
in its concentration, an understanding of the steady state 
and dynamic kinetics of creatinine generation and excretion 
is required. First, because all creatinine freely filtered in 
the glomerulus is excreted in the urine, and this constitutes 
more than 90% of creatinine excretion, net creatinine excre-
tion approximates to the GFR (rate of plasma filtration) 
multiplied by the concentration of creatinine in the plasma. 
Second, at steady state (defined by constant plasma creatinine), 
rate of excretion must equal rate of creatinine generation 
in the following relationship:

GFR Cr GP× =[ ]

where GFR = glomerular filtration rate in L/min; [Cr]P = 
the plasma concentration of creatinine in µmol/L; G = 
creatinine generation rate in µmol/min.

Thus, when at steady state, GFR is proportional to the 
reciprocal of the plasma creatinine (Fig. 25.1). With the 
assumption that a creatinine change occurs and stabilizes 
at the new level, achieving a new steady state, a doubling 
of plasma creatinine therefore implies an approximate halving 
of GFR, as long as the creatinine generation rate also remains 
constant. This relationship forms the basis of the use of 
1.5-, two-, and threefold rises in creatinine above a baseline 
value to define severity of AKI in consensus definitions, 
reflecting proportionate decrease in underlying GFR.

However, although relative changes in plasma creatinine 
define AKI, there are significant limitations to the acute 
interpretation of these values in the critically ill.4,5 First, 
use of plasma creatinine as a reflection of the change in 
GFR depends on a new steady-state creatinine concentration. 
After a change in GFR, creatinine will rise or fall until a 
new steady state is achieved, where creatinine excretion 
at a high plasma creatinine concentration again matches 
production, the duration of this process being dependent 
on the magnitude of change in GFR and the underlying 
creatinine generation rate. With slow changes in GFR, such 
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FIGURE 25.1 Steady-state serum creatinine plotted vs. glomerular 
filtration rate (GFR) in a 70-year-old white male. Large changes in 
GFR can be associated with small changes in serum creatinine in 
and just above the “normal range.” 
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measurements of nonstandardized colorimetric assays tended 
to overestimate plasma but not urinary creatinine by detection 
of noncreatinine plasma chromogens.16 In addition to this 
bias in assessment of GFR, precision of creatinine clearance 
is also poor, with coefficients of variation (CV) of 10% to 
20% in best conditions because of compounded errors in 
the two creatinine assays and urine volume measurement 
required for the clearance calculation.17 Nevertheless, 
creatinine clearance measurements are well established 
and easy to perform and are underused, particularly in 
assessing extent of renal recovery after AKI or to help 
guide drug dosing in the critically ill by detection of low 
and excessively high GFR. As an alternative to creatinine 
exogenous substances without tubular secretion such as 
inulin, Ethylenediaminetetraacetic acid (EDTA) and iohexol 
are used to measure GFR; however, these are usually in the 
everyday acute clinical arena, although direct measurement 
of renal clearance in the ICU is an evolving area of research.18

ALTERNATIVE GLOMERULAR  
FILTRATION MARKERS

Urea, like creatinine, is a water-soluble, low-molecular-
weight by-product of metabolism, with a reciprocal relation-
ship with the GFR. However, in contrast to creatinine, a 
greater number of factors influence the renal clearance of 
urea and its endogenous production. In particular approxi-
mately 50% of urea normally is reabsorbed by renal tubular 

the calculation of the clearance of a molecule that is freely 
filtered from the plasma in the glomerulus and excreted 
unchanged into the urine such as creatinine itself:

GFR mL min
Cr
Cr

QU

P
U( )

[ ]
[ ]

/ ≅ ×

[Cr]U and [Cr]P are the urinary and plasma concentrations 
of creatinine respectively; Qu is the urine flow rate in mL/
min.

Creatinine clearance often is used to estimate GFR and is 
measured routinely in some ICUs. It provides significantly 
improved accuracy over formula-based methods of calcu-
lating GFR and is not sensitive to changes in creatinine 
production.8,13,14 Creatinine is extremely convenient as a 
clearance marker because it is endogenously present rather 
than requiring administration. However, it does not fit all 
the features of an ideal clearance marker, which would 
detect small, early changes in GFR and also would not 
be secreted, metabolized, or reabsorbed by tubular cells. 
Furthermore, its measurement would be easy and not 
influenced by endogenous or exogenous compounds. For 
creatinine, tubular secretion can cause creatinine clearance 
to overestimate GFR by 10% to 20% or more.15 However, 
competing substances for tubular secretion, including some 
drugs, can abolish this effect. This overestimate of true GFR 
by creatinine clearance has become more apparent since the 
adoption of more accurate isotope-dilution mass-spectroscopy 
(IDMS)–traceable laboratory standards and more accurate 
and precise enzymatic creatinine assays, because previous 
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FIGURE 25.2 Kinetic modeling9 of changes in plasma creatinine concentration after an acute 90% reduction in glomerular filtration rate 
(GFR) after major surgery in a 65-year-old male with a baseline creatinine of 80 µmol/L. While with such severe reduction in GFR AKI 
stage I criteria is achieved rapidly on a 26.5 µmol/L increase; full severity of AKI would take more than 15 hours to be apparent. 
Moreover, when a clinician factors in a creatinine generation rate (G) decreasing to 60% of baseline over 48 hours and then the effect 
of a continuous positive fluid balance of 150 mL/hr over the same period, creatinine increase is retarded significantly, delaying AKI 
stage II diagnosis by more than 6 hours and AKI stage III diagnosis by up to 1 day, despite likely greater illness severity. 
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based on expert opinion only. Low urine output can reflect 
a well-functioning kidney in the context of hypovolemia or 
significant reduction in GFR in advanced acute or chronic 
kidney disease. Therefore, although significant AKI implies 
a reduction in GFR, this does not always equate to oliguria, 
whereas conversely oliguria, unless profound, does not 
necessarily imply structural renal injury.

Given that a healthy adult with typical GFR of 100 mL/
min can make less than 1000 mL of urine a day without 
developing renal problems, tubular reabsorption can lead 
to less than 1% of the filtrated fluid volume appearing as 
urine. Depending on the body’s salt and water balance, 
urinary osmolality thus may vary from less than 100 to 
more than 1200 mosmol/kg and urinary sodium concentra-
tion from less than 10 to more than 100 mmol/L. Thus in 
healthy adults subjected to water deprivation, urine output 
falls to a physiologic minimum as hormonal mechanisms 
(the renin-angiotensin-aldosterone system [RAAS] and the 
hypothalamic-pituitary antidiuretic hormone [ADH] axis) 
act to defend plasma osmolality and extracellular volume. 
If water deprivation is maintained, maximal urinary con-
centrating capacity results in an obligatory minimum urine 
output of around 500 mL/day.28,29 Urine output below this 
level therefore implies that a reduction in GFR must have 
occurred. Severe oliguria, indicated by a sustained urine 
output of approximately less than 15 mL/hr or 0.3 to 0.4 mL/
kg/hr therefore is associated with renal dysfunction, as 
reflected in the AKI stage III definition. However, less 
profound oliguria can be triggered by pain, surgical stress, 
venodilation, and hypovolemia, causing salt and water 
retention through neurohormonal mechanisms, even when 
cardiac output and blood pressure are maintained. With 
more severe illness, or in the presence of comorbid condi-
tions, the patient’s cardiovascular reserve may become 
exhausted and GFR may decrease further, contributing to 
oliguria. Crucially, however, the ability to excrete maximally 
concentrated urine depends on intact tubular function. In 
the setting of acute or chronic kidney disease or diuretic 
therapy urine volume therefore may be maintained until 
GFR has been reduced to a very low level. Thus oliguria 
in the presence of biochemical renal dysfunction tradition-
ally has been regarded as indicative of the most severe 
kidney injury, associated with greater need for renal replace-
ment therapy and higher risk of death.30–33

In summary, oliguria can be regarded either as an early 
sign of hemodynamic instability and a healthy kidney or a 
late sign of severity of renal dysfunction in an acutely or 
chronically injured kidney, a dual role that can confuse the 
clinical interpretation of urine output. Consequently, urine 
output suffers from a lack of sensitivity and specificity with 
regard to the cause and prognosis of AKI, particularly in 
the absence of hemodynamic change or the need for vasopres-
sors.34 The presence of oliguria may be a portent to poor 
outcomes through not only the presence of AKI but also 
the fact that this may be associated with fluid overload. 
This observation has been made in several multicenter 
studies with the consistent message that AKI in the presence 
of volume overload implies a worse prognosis.35

Key Points

1. The basis for creatinine as a function renal bio-
marker relates to rate of excretion being approxi-
mately proportional to glomerular filtration rate 
(GFR) at steady state.

cells, so urea clearance is around 50% of GFR. However, 
in hypovolemic states, enhanced tubular reabsorption of 
sodium and water together accompanied by urea may 
decrease urea clearance as a proportion of GFR. This creates 
a misleading disproportionate rise in the observed urea 
concentration, conversely in advanced chronic or acute 
kidney disease. In the presence of diuretic agents, urea 
clearance may rise as a proportion of GFR, so increase in 
urea concentration could be somewhat blunted. Urea produc-
tion rate is also highly variable: these may be increased, 
such as in high protein intake, catabolic states, and 
gastrointestinal hemorrhage, but also may be reduced in 
acute or chronic malnutrition and liver disease. Therefore 
plasma urea and urea clearance are not recommended for 
GFR estimation, particularly under non–steady-state condi-
tions, but can provide useful complementary insights in 
combination with creatinine.

Cystatin C is a low-molecular-weight (13.3 kDa) protein 
synthesized at a relatively constant rate by all nucleated 
cells and released into plasma.19 After almost complete 
(>99%) filtration in the glomerulus, the majority of filtered 
cystatin C is catabolized by the proximal renal tubular 
cells,20 so little or no cystatin C normally appears in the 
urine. Thus plasma cystatin C inversely correlates very 
well with GFR,21 but its urinary clearance is not useful. 
Accuracy of measurement may be affected by older age, 
sex, smoking status, abnormal thyroid function, and the 
use of corticosteroids. However, confounders of cystatin C 
are likely to be less marked than those of creatinine during 
acute illness, because, unlike creatinine, it is not dependent 
on muscle mass and metabolic activity for its production.22 
Furthermore, when assessed, the inflammatory response 
induced by sepsis had no impact on the levels of plasma 
cystatin C in critically ill patients during the first week in 
the ICU.23 In the general population, estimates of GFR based 
on cystatin C have been shown to better correlate with 
survival and risk of end-stage renal disease than serum 
creatinine.24 However, higher cost, lack of standardized 
assays, and lack of criteria for the diagnosis and staging of 
AKI have limited its acute use, although preliminary evi-
dence suggests a better correlation with mortality than 
creatinine in the critically ill.25

URINE OUTPUT AS A RENAL  
FUNCTIONAL BIOMARKER

Quantity of urine output depends on GFR and the subsequent 
rate of water and solute reabsorption along the nephron. 
In normal physiology a high GFR is required to effectively 
maintain low concentration of products of metabolism in 
the plasma by unselective convective clearance in the 
glomerulus with subsequent tubular reabsorption of the vast 
majority of this ultrafiltrate. Thus accurate measurement of 
the urine output may provide dynamic insight into kidney 
function. In particular, concerns about the speed and accuracy 
with which changes in plasma creatinine reflect real-time 
changes in GFR led to the adoption of urine output criteria to 
additionally identify AKI consensus definitions of AKI.1,26,27 
These urine output definitions have remained essentially 
unchanged through iterations of these definitions, with a 
urine output of less than 0.5 mL/kg/hr for 6 consecutive 
hours diagnostic of AKI stage I, 12 consecutive hours AKI 
stage II, whereas 24 hours of more severe oliguria (<0.3 mL/
kg/hr) or 12 hours of complete anuria fulfill the criteria for 
AKI stage III. However, the choice of these cutoff values was 
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2. Immediately after a significant fall in GFR creatinine 
levels will underestimate severity of renal dysfunc-
tion until a new steady state is achieved.

3. In addition to changes in renal excretion, changes 
in creatinine production can alter measured plasma 
creatinine concentration, which has particular 
relevance in the critically ill.

4. Cystatin C, a low-molecular-weight protein syn-
thesized at a relatively constant rate by all nucleated 
cells and almost exclusively filtered at the glomerulus, 
has theoretical advantages as a functional biomarker 
over creatinine, because it is less confounded by 
acute and chronic changes in muscle mass.

5. The accurate measurement of the urine output is 
integral to the definition of acute kidney injury 
(AKI) and provides dynamic insight into kidney 
function.

6. A measured reduction in GFR does not always 
equate to oliguria, because urine output may be 
preserved when tubular function is impaired.

7. Severe oliguria is associated with the worst out-
comes, because it signifies very severe AKI and is 
associated with fluid overload.
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